Total reflection X-ray fluorescence spectrometry (TXRF) has been applied for trace elemental analysis of small glass fragments. A small glass sample (a fragment with weight less than 0.5 mg) was decomposed by 100 μl of HF/HNO3 acid; the material was condensed to 10 μl and was dried on a Si wafer. Since the size of the dried residue on the Si wafer was less than 1 cm in diameter, an incident X-ray beam with about 1 cm in width could effectively excite elemental components in such a small glass fragment. The precision of the present technique was checked by analyzing the glass fragments (< 0.5 mg) from NIST SRM612; the relative standard deviations (RSD) of less than 8.1% were achieved for elemental ratios that were normalized by Sr. Fragments (< 0.5 mg) obtained from 23 figured sheet glasses were used as samples for estimating the utility of this technique to forensic discrimination. Comparison of five elemental ratios of Ti/Sr, Mn/Sr, Zn/Sr, Rb/Sr, and Pb/Sr calculated from X-ray fluorescence spectra was effective in distinguishing glass fragments that could not be differentiated by their refractive indexes (RI).
Introduction
Small glass fragments are important evidentiary materials to associate suspects with crime scenes, such as hit-and-run incidents and burglaries. In general, forensic discrimination of glass fragments has been performed by refractive indexes (RI) measurement and elemental analysis. RI measurement is a basic method and can be made with good accuracy and precision to distinguish between small glass fragments. 1 Elemental analyses are very effective tools when glass samples have identical values of RI. However, the range of RI values and the main components of glass rarely vary due to recent improvements of the quality control by manufacturers. Therefore, trace elements outside the control become important information for discriminating glass fragments.
Various techniques of elemental analysis have been proposed for discrimination of glass samples, such as XRF, [2] [3] [4] [5] EPMA, 6 AAS, 7 NAA, 8 ICP-AES, 2,9,10 ICP-MS, [11] [12] [13] and LA-ICP-MS. 14, 15 For discrimination of glass, ICP-MS can widely be used to perform multielemental analysis with higher sensitivity than other techniques. However, it is difficult to apply ICP-MS for analysis of a small glass fragment, since glass samples found at crime scenes are often extremely small. Several milligrams of samples are typically required to start the dissolution procedure for ICP-MS. As a consequence, it is necessary to use another method to determine trace elemental characteristics of small glass fragments.
TXRF is a most sensitive X-ray fluorescence technique, with a detection limit less than 10 10 (atoms/cm 2 ); it requires a sample volume as small as a few microliters. TXRF has been widely used for the detection of trace elements in various fields. [16] [17] [18] [19] [20] We have already reported on applications of TXRF to forensic samples, such as blood, paints, fingerprints, drugs, and so on. [21] [22] [23] The purpose of this study is to present an analytical procedure of small glass fragments by TXRF, and to discriminate such fragments by their trace elemental components.
Experimental

Samples
NIST SRM612 with concentrations of each trace element of about 50 ppm (National Institute of Standards and Technology, Gaithersburg, MD, USA) was used as a reference standard. Samples were a total of 23 figured sheet glasses produced by 5 manufacturers: Japanese (A, B, and C), American (D), and French (E). Each figured glass plate was placed in a polyethylene pack and was crushed so as to obtain fragments of an appropriate size (< 0.5 mg). Five fragments of the reference glass and three fragments of each figured sheet glass were taken to check the reproducibility of the analysis by TXRF.
The RI values of the 23 figured sheet glasses were determined by the standard oil immersion method using a GRIM 3 (Foster & Freeman, UK) automated refractive index system with the sodium D-line (589.3 nm). The results of the RI measurements are summarized in Table 1 .
Analytical procedure
Each glass fragment (< 0.5 mg) was placed in a 1 mlpolypropylene tube, to which 50 μl of HF and 50 μl of HNO3 were added. Decomposition of the glass was accelerated by soaking each sample in an ultra-sonic bath for 2 h. The resultant solution was condensed to about 10 μl by evaporation in a temperature-controlled bath at 80˚C. The whole amount of the solution was taken by a micropipette and was dropped onto a Si wafer. The Si wafer holding the sample solution, which was placed in a petri dish, was set on a hot plate and the sample solution was dried at 80˚C in a draft chamber. The total amount of a glass fragment of appropriate size (< 0.5 mg) could be decomposed and the size of the dried residue on the Si wafer was less than 1 cm in diameter.
TXRF analytical system
The instrument used was a total reflection X-ray fluorescence spectrometer (Multi X 110-Lab, Technos Co., Ltd., Japan) specially designed for trace forensic analysis. The X-ray tube with a Mo target was operated at 40 kV and 10 -40 mA. A crystal of graphite (001) was inserted as a monochromator between the Mo tube and a collimator to obtain monochromatic Mo Kα X-rays. The X-ray beam size about 1 cm in width and about 20 microns in thickness was shaped by a set of slits. Under the measurement conditions, the incident X-ray beam can effectively excite elemental components in the dried sample because the size of the residue on the Si wafer was less than 1 cm in diameter. A Si (Li) solid-state detector (SSD) with an active area of 80 mm 2 was perpendicularly set about 5 mm apart from the sample surface. A scintillation counter was used as a monitor for adjusting the total reflection conditions of X-rays and for determining the zero degree setting. The optimum incident angle of X-rays was checked by measuring S/N ratios and was adjusted to be 0.06 degrees. The FWHM (full width at half maximum) value for the Mn Kα peak calculated from the Xray fluorescence spectrum was 175 eV. The X-ray fluorescence spectra of all the samples were measured for 1000 s in a vacuum.
Results and Discussion
Evaluation of analytical procedure
In order to examine the sensitivity and reproducibility of the present technique of the analysis of glass fragments, we measured the X-ray fluorescence spectra of NIST SRM612 of five fragments. An X-ray fluorescence spectrum of NIST SRM612 measured by TXRF is shown in Fig. 1 . The reductions of the background and the Compton scattering from the residue of the sample on the Si wafer were achieved using the analytical procedure. The elements with a certified concentration level of about 50 ppm, such as Ti (50.1 ± 0.8 ppm) and Sr (78.4 ± 0.2 ppm), were clearly detected. The sensitivity may be accomplished by the effective excitation of elemental components in a small glass fragment using this method and the adoption of Si (Li) SSD with a large active area of 80 mm 2 . For a comparison of analytical data of each sample, the intensity of each element was normalized by that of Sr. The reason why Sr was chosen is that Sr was contained in all glass fragments and could be effectively excited by the Mo Kα radiation, exhibiting a relatively strong peak although its concentration level was low. Table 2 shows the means, SD, and RSD of the elemental ratios obtained from the analyses of five fragments from NIST SRM612. RSD of less than 8.1% were achieved for all elemental ratios normalized by the intensity of Sr. Such results indicate that this procedure is suitable for analysis of small glass fragments by TXRF.
Discrimination
RI is a most important physical property of a glass and is used most successfully for characterizing glass fragments. Forensic examiners of glass samples have generally concluded that two glass fragments originate from different sources when their RI values would differ by more than 0.0002. 2 The RI values for the 23 figured sheet glasses used in this study fell within the range of 1.5118 -1.5256 ( TXRF was used for discrimination of the samples in groups 1 and 2. As an example of X-ray fluorescence spectrum obtained from a glass sample, the X-ray fluorescence spectrum of a sample (A1) that is belonging to group 1 is shown in Fig. 2 . Trace elements such as Ti, Mn, Zn, Pb, Rb, and Sr were detected in the glass fragment and so the peak of 7.39 keV in this spectrum is the sum peak of Ca Kα (3.69 keV).
The discrimination capability of any variable parameters largely depends on the precision of the measurement. In order to examine the precision of the X-ray intensities obtained and the homogeneity within the respective samples, we measured three fragments from each glass sample and calculated their RSD values.
The samples of group 1 (A1, A3, A4, and A7) were produced by manufacturer A in Japan. Table 3 shows the means, SD, and RSD of Ti/Sr, Mn/Sr, Zn/Sr, Rb/Sr, and Pb/Sr calculated from the X-ray fluorescence spectra of samples belonging to this group 1. The calculated RSD values for five elemental ratios in these samples were less than 8.9%.
A comparison of glass samples was made based on the following two-step method. Firstly, a pairwise comparison within the group was made by examining the trace elements detected. Secondly, the values of Ti/Sr, Mn/Sr, Zn/Sr, Rb/Sr, and Pb/Sr were compared. If all variables of Ti/Sr, Mn/Sr, Zn/Sr, Rb/Sr, and Pb/Sr exhibited overlap over their whole respective ranges, then the samples were considered to be indistinguishable. As shown in Table 3 , the values of Pb/Sr exhibited overlapping ranges in group 1. However, these samples could be distinguished from each other using ratios of Ti/Sr, Mn/Sr, Zn/Sr, and Rb/Sr. Trace elements other than Ti, Mn, Zn, Pb, Rb, and Sr were not detected in samples of group 1.
The samples of group 2 (A5, B1, B2, B4, C2, E3, and E4) were produced by four manufacturers: A, B, C, and E. The Xray fluorescence spectrum of sample (C2) is shown in Fig. 3 . Chromium, Ba, Cu, and Ga were characteristically detected in sample (C2) as trace elements other than Ti, Mn, Zn, Pb, Rb, and Sr. Table 4 shows the means, SD, and RSD of Ti/Sr, Mn/Sr, Zn/Sr, Rb/Sr, and Pb/Sr that were calculated from the Xray fluorescence spectra of samples belonging to group 2. The RSD for the elemental ratios in the samples were less than 9.1%. The elemental ratios of the glass samples (B1, B2, and B4) produced by manufacturer B significantly resembled each other. But they could be distinguished by comparison of five elemental ratios as shown in Table 4 . Therefore all the samples in group 2 could be discriminated from one another.
In conclusion, the results indicated that TXRF is useful for discrimination of small glass fragments (< 0.5 mg) that are indistinguishable on the basis of their RI values.
Conclusion
The procedure is suitable for the analysis of trace elements in a glass fragment by TXRF. The analytical procedure and the adoption of SSD with a large active area of 80 mm 2 allow the highly sensitive analysis of small glass fragments (< 0.5 mg). The combination of RI measurements and TXRF is an useful approach for forensic discrimination of small pieces of glass. Discrimination of the glass samples was made by the following sequence: (1) a comparison of RI values; (2) a comparison of the trace elements detected; and (3) a comparison of the elemental intensity ratios to that of Sr. The X-ray intensity ratios normalized by that of Sr provided an accurate and easy method for discriminating between small glass fragments without weighing. This technique should be applied to the analysis of various small evidences in forensic science. Table 2 Elemental ratios obtained from X-ray fluorescence spectra of NIST SRM612 a. Mean value ± SD (n = 5). Fig. 2 X-ray fluorescence spectrum for the fragment of glass (A1) that was treated by the analytical procedure. 
